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Abstract:  
We report on fabrication of on-chip calcium fluoride (CaF2) microdisk resonators using 
water-assisted femtosecond laser micromachining. Focused ion beam (FIB) milling is used to 
create ultra-smooth sidewalls. The quality (Q)-factors of the fabricated microresonators are 
measured to be 4.2×104 at wavelengths near 1550 nm. The Q factor is mainly limited by the 
scattering from the bottom surface of the disk whose roughness remains high due to the 
femtosecond laser micromachining process. This technique facilitates formation of on-chip 
microresonators on various kinds of bulk crystalline materials, which can benefit a wide range 
of applications such as nonlinear optics, quantum optics, and chip-level integration of 
photonic devices.  
 
PACS: 42.62.-b; 42.70.Mp; 81.20.Wk  
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1. Introduction 
Whispering-gallery-mode (WGM) microresonators have now been widely used in nonlinear 
optics [1-3], quantum physics [4-6], and biosensing [7, 8] owing to their unique capability of 
confining light efficiently in a tiny volume for long periods of time by total internal reflection 
[9]. Depending on the requirements of different applications, WGM microresonators have 
been realized in various kinds of materials including amorphous glass, crystal, polymer, liquid, 
etc [10-13]. Although fabrication of microresonators in amorphous glass materials has 
enabled realization of high-Q factors up to ~109 level [14], many nonlinear optical effects can 
only be achieved in crystalline materials as crystals can provide the desired optical properties 
such as high nonlinearity, wide window of transparency, very low intrinsic absorption, and so 
on. Today, most high-Q crystal WGM microresonators are fabricated by mechanical polishing 
[15]. Based on this approach, integration of small WGM microresonators with diameters of a 
few microns to a few tens of microns into a chip is challenging due to the small sizes of the 
structures and the required additional post-assembling process. As a first attempt to overcome 
this issue, here we demonstrate fabrication of on-chip CaF2 microdisk resonators using 
femtosecond laser micromachining. Particularly, it should be noticed that previously, high-Q 
on-chip microresonators fabricated in both passive and active glass materials have been 
achieved using femtosecond laser micromachining [16-18]. Fabrication of amorphous 
glass-based high-Q microresonators can be easier because smoothing of the sidewalls can be 
achieved by a surface reflow process induced by either CO2 laser reflow or heat reflow. 
However, crystalline microresonators cannot be treated similarly, due to the formation of 
randomly oriented crystallites on the surface [19]. In the current experiment, smoothing of 
sidewalls of CaF2 microdisks is achieved using focused ion beam (FIB) milling [20], leading 
to a Q-factor of 4.2×104.  
2. Fabrication of microdisk resonators by femtosecond laser micromachining 
Commercially available Z-cut CaF2 substrates with a thickness of 1mm were used as the 
material platforms for fabrication of the microdisks. Both the upper and bottom surfaces of 
the substrate were polished. As illustrated in Fig. 1, the procedures for fabrication of CaF2 
microdisk resonators are: (1) femtosecond laser selective ablation of a CaF2 substrate 
immersed in water from its backside to form a freestanding disk-shaped microstructure; and 
(2) smoothing of the sidewall of the disk-shaped microstructure by FIB milling to create the 
ultra-smooth sidewall of the microdisk. 
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Fig. 1 Procedures of fabrication of CaF2 microdisk by femtosecond laser ablation assisted by water and followed 
by FIB milling.  
 
The home-made femtosecond laser micromachining workstation consisted of a Ti: sapphire 
femtosecond laser source (Coherent, Inc., center wavelength: ~800nm, pulse width: ~40fs, 
repetition rate: 1 kHz) coupled to a microscope system (objective lens with a numerical 
aperture of 0.8). The average power of the femtosecond laser was adjusted to be 1 mW using 
a variable density filter. The CaF2 substrate was fixed on the computer-controlled XYZ 
translation stage with a resolution of 1μm. In our experiment, the ablation front always 
contacted with deionized water to remove the ablation debris. The material was selectively 
removed to form the freestanding disk-shaped microstructures by continuously layer-by-layer 
annular scanning the focal spot (~1 μm) in the region surrounding the predesigned micro-disk 
structure. 1.4-μm interval between the adjacent layers was adopted to ensure sufficient 
overlap between the adjacent ablation layers. After the laser ablation, the disk-shaped 
microstructure with a diameter of 88 μm, a thickness of ~15 μm, which was supported by a 
thin pillar, was formed. The entire ablation process took ~120 min. Figure 2(a) shows the 
scanning electron microscope (SEM) image of the disk-shaped microstructure. It can be seen 
that the roughness of the sidewall was high as a result of laser ablation. Although the bottom 
surface cannot be directly examined by SEM, we expect that it should have a surface 
roughness similar to that of the sidewalls, because the same ablation conditions were used for 
creating both of them. The roughness of the sidewalls can cause significant scattering loss, 
thus it must be reduced for promoting the Q-factor.  
3. Smoothing of the sidewall of the fabricated microdisk 
Although CO2 laser induced surface reflow has frequently been used to create ultra-smooth 
silica microresonators, this method is usually not applicable for most crystalline materials. 
For example, in the current experiment, CaF2 is transparent to CO2 laser beam; for other 
crystalline materials that could absorb CO2 laser, the surface thermal reflow would create 
randomly oriented crystallites due to rapid heating and cooling which act as scattering centers. 
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Previously, FIB has been employed in precise fabrication of millimeter-scale optical 
resonators to shape the perimeters of microdisks by milling the edges [20-22]. Unlike these 
investigations, in our experiment, FIB was used to mill the edge of the CaF2 microdisk to 
attain ultra-smooth sidewalls. The fabricated sample was mounted on a short brass pedestal 
after sputter coated with a ~20 nm layer of gold to reduce charge collection during the FIB 
milling. Then the sample was installed in a dual-beam SEM/FIB system (Carl Zeiss, Model: 
AURIGA) with the top surface of the microdisk facing the ion beam. The FIB milling was 
operated twice, beginning with a coarse milling and followed by a fine one for further 
improving the surface smoothness. In the coarse milling, a 30 keV ion beam with a beam 
current of 30 nA was used to polish the sidewall. After the initial coarse milling, the 
microdisk showed a much smoother sidewall, as illustrated in Fig. 2(b). However, magnified 
SEM image (Fig. 2(d)) indicates the existence of fine vertical ripples on the sidewall oriented 
parallel to the direction of the ion beam. These fine ripples can be removed by performing an 
additional FIB milling with finer beam sizes and lower beam currents (16nA). Figure 2(c) 
shows an SEM image of the microdisk undergone the fine milling, whose diameter was 
slightly reduced to ~79 μm. The smooth sidewall is further evidenced by its close-up view in 
Fig. 2(e). The result also indicates that femtosecond laser micromachining followed by FIB 
milling can enable fabrication of the high quality microdisks in crystalline materials, not only 
limited to CaF2. 
 
Fig. 2 SEM images of a CaF2 microdisk fabricated by femtosecond laser micromachining (a) before, (b) after 
initial coarse FIB milling, and (c) after fine milling. (d) and (e) show the enlarged SEM images of sidewalls of the 
microdisk before and after the fine milling, respectively. The fine ripples in (d) disappear with the fine milling, as 
evidenced in (e). 
4. Characterization of microresonator 
Because the refractive index of the CaF2 is close to that of a silica optical fiber, the fiber taper 
coupling method [23] was chosen to measure the Q-factor and characterize the transmission 
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spectrum of the CaF2 microdisk, as shown in Fig. 3(a). The fiber-microdisk coupling system 
consisted of a tunable laser source (Agilent, Inc., Model: 81600B), a transient optical power 
meter (Agilent, Inc., Model: N7744A), a polarization synthesizer (Agilent, Inc., Model: 
N7786B), and a piezo stage (PI, Inc., Model: E-463). The Alight sweeping from 1546 to 1560 
nm from a tunable laser source was sent into the fiber taper coupled with the microdisk. The 
fiber taper had a waist diameter of approximately ~1 μm, enabling excitation of whispering 
gallery modes in the microdisk resonator by evanescent wave coupling. The transmission 
spectrum was measured using the transient optical power meter. Dual CCD cameras were 
used to monitor, from both the horizontal and the vertical directions, the relative position 
between the fiber taper and the microdisk. The microdisk was fixed on the piezo stage with a 
positioning resolution of 50 nm in the XYZ directions. The critical coupling was realized by 
carefully adjusting the relative position between the fiber tape and the microdisk. The 
resonance transmission spectrum of the fiber taper coupled to the microdisk is presented in 
Fig. 3(c). The azimuthal free spectral range (FSR) was measured to be 6.43 nm. The 
azimuthal FSR can also be estimated by the relation Δλ=λ2/(n×C), where λ is the emission 
wavelength, n is the effective index of microdisk, and C is the circumference of the microdisk. 
Such an approximation is commonly used for microdisk resonators whose modes are located 
near the circumference. For n=1.43 and C=276.46μm, the estimated value of the azimuthal 
FSR is approximately 6.10 nm when λ is 1552.94 nm, which is close to the measured 
azimuthal FSR. Fig. 3(d) shows an individual WGM located at 1546.51 nm wavelength with a 
Lorentzian-shaped dip. The linewidth obtained by a Lorentzian fitting is 36.74 pm, as shown 
by the red curve Fig. 3(d). The Q factor for the microdisk is then calculated to be 4.2×104. 
 
 
Fig. 3 (a) Optical micrograph of the microdisk coupled with a fiber taper (top view). (b) SEM image of the 
fabricated microdisk (side view), showing the tilting of the sidewall. (c) Transmission spectrum of the fiber taper 
coupled with the microdisk. (d) Lorentzian fit (red solid line) of measured spectrum around the resonant 
wavelength at 1546.51nm (blue dotted line), showing a Q factor of 4.2×104. 
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5. Discussion and conclusions 
As shown in Fig. 2, a smooth surface has been achieved by performing the FIB milling for the 
sidewalls of the microdisk fabricated by femtosecond laser micromachining. However, even 
with such a smooth sidewall, the Q-factor measured in our experiment is still less than 105. It 
is critical to clarify the major cause behind the low Q-factor for further improvement in the 
future. As one may have noticed in Fig. 3(b), the sidewall of the microdisk was slightly tilted 
with a tilting angle of 3.8˚ with respect to the normal direction of the upper surface, which 
was naturally formed during the FIB milling process. Although it has been shown in previous 
experiments that a wedge-shaped edge of the microdisk [24] can be helpful for achieving 
ultrahigh Q-factors due to the isolation of modes from the perimeter, in such cases, the bottom 
surfaces must be very smooth for avoiding scattering loss of the light propagating along the 
tip of the wedge. Unfortunately, in our case, the bottom surface formed by femtosecond laser 
micromachining was quite rough, thereby limiting the achievable Q-factor. This problem can 
possibly be solved by improving the FIB milling technique to reduce or even eliminate the 
conical effect or by improving the bottom surface quality of the microdisks with coating or 
chemical polishing.  
 
To summarize, on-chip CaF2 microdisk resonators have been fabricated by femtosecond laser 
micromachining, followed by an FIB milling for smoothing the sidewalls. The measured 
Q-factor of the microresonators reaches 4.2×104. It should be noted that with the smaller 
diameters of the microresonators, larger FSR values can be achieved. Further improvement of 
Q factor is possible by either reducing the titling angle of the sidewall or improving the 
smoothness of the bottom surface. The technique may eventually enable chip-level integration 
of crystal-based microresonators. 
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